This study investigated the electromigration behavior between Cu and Sn-9Zn solder under a current density of 1.0 × 10 3 A/cm 2 for up to 230 h. The experimental results indicated that Cu 5 Zn 8 was formed at the interface between Cu and the cathode side of the Sn-9Zn solder as well as in the bulk near the anode. Consumption of Cu was also observed for the Cu plating on the cathode side and anodic side, but with less compound formation and Cu consumption at the anode. The intermetallic compound layer on the cathode side was always thicker than that on the anode side after the same current-stressing time. The effect of chemical potential overwhelms electromigration in inducing Zn diffusion when a counterflow of electrons and chemical potential gradient exists. Voids formed at the Cu 5 Zn 8 -solder interface inside the solder regardless of the direction of current flow.
I. INTRODUCTION
Electromigration in Al interconnects has been a key and persistent reliability problem in microelectronic technology. Electomigration is defined as atomic diffusion driven by high electric current flow, and the driving force is the momentum transfer from electrons to thermally activated atoms. With the trend of further dimensional scaling down of very large-scale-integrated circuits, the concern of electromigration lies not only in new Cu interconnects, but also in flip-chip solder joints. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Electromigration in solder joints is a relatively new subject, and the behavior is different from that in Al and Cu. 11 Because solder alloys have faster atomic diffusion than Al or Cu at the operational temperature of devices, electromigration damage happens at a much lower current density. Intermetallic compound (IMC) formation at the electronic joints is another reliability concern for microelectronic products. The polarity effect of electromigration on the kinetics of IMC formation was investigated in the Sn-3.8Ag-0.7Cu-Cu system. 12 Chen and Chen 13, 14 have performed some studies in several bulk diffusion couples such as Sn-Ag, Sn-Ni, Sn-0.7Cu-Ni, and Sn-3.5Ag-Ni at a current density of 5 × 10 2 A/cm 2 . A new type of behavior is predicted. 15 When the electromigration augments the interdiffusion in the compound layer, layer growth can accelerate as the layer thickens, in contrast to the usual deceleration. Because both electromigration and concentration gradient induce atomic fluxes and both of them exist at the joint of electronic products, interfacial reactions are likely affected by both the factors.
Recent environmental concerns about Pb usage have been driving the electronic industry to pay attention to the development of Pb-free solder. The applications of solder joints for electronics interconnection are not likely to be replaced in the future, although a number of nonsolder interconnection materials are available commercially. Efforts are still required to improve the properties of the Pb-free solders that have been developed. Sn-Ag-Cu solder is one of most commonly mentioned and accredited Pb-free solders because of its acceptable mechanical properties. 16 However, its relatively high melting temperature of 217°C still causes difficulties to production lines. The wave-soldering temperature as well as the reflow temperature for using this solder may be as high as 250 ∼ 260°C, and this is somewhat greater than the durable temperature range of most current board materials. Sn-Zn solder exhibits a eutectic temperature of around 199°C, only 16°C above that of the conventional 63Sn-37Pb solder. 17, 18 This solder system may have potential application for joints simply because of its relatively low processing temperature compared with that of the Sn-Ag-Cu solders.
In this work, the electromigration behavior between Cu and Sn-9Zn solder was studied. The evolution of the surface microstructure of the electromigration couple specimen was monitored by in situ observation under current stressing, and the undersurface microstructure of the specimen was observed using a focused ion beam (FIB) after the electromigration test to investigate the microstructure variation in greater detail. The effect of chemical potential and electromigration on the formation of IMCs and the diffusion behavior of Cu were also investigated.
II. EXPERIMENTAL
In this study, Sn-9Zn solder that was prepared in the laboratory was investigated. The electromigration couple specimen was made with a cross section of approximately 7.9 × 10 −3 cm 2 to investigate the electromigration behavior between Cu and Sn-9Zn solder under a current density of 1.0 × 10 3 A/cm 2 at an ambient temperature of 30°C.
To prepare the specimen, a solder plate was polished on both sides with sandpaper and then finished with 0.3-m alumina powders. After polishing, the sample was etched by argon ion to clean the surface. Subsequently, the solder plate was deposited by sputtering on both sides with a thin layer of Cu having a thickness of a few thousand angstroms. The specimen was further electroplated with Cu as the conductive layer. The thickness of the solder specimen was <60 m, while that of the Cu plating was 6 m. The electromigration couple specimen was then obtained by punching with a diameter of 1 mm. Finally, the specimen was adhered to a polished copper rod with a diameter of 1 mm with silver paste. Figure 1 illustrates the structure of the specimen with two copper rods as electrodes. The scanning electron microscopy (SEM) images in Fig. 2(a) show the electromigration couple sample right after cross-sectional polishing and before current stressing.
To observe the electromigration in situ, the specimen was cross sectioned and polished mechanically and chemically before current stressing. The cross section was cut across the center of the specimen. In preparing the cross section, the center of the sample can be distinguished by the diameter of the copper rod. The surface microstructure changes due to electromigration were monitored with SEM and energy-dispersive x-ray (EDX) spectroscopy. To perform the observation, the current stressing was stopped and the specimen was placed under the microscope. After the observation, the current stressing was resumed using the same specimen. In other words, the current stressing was interrupted several times, and the current-stressing time that was reported was cumulative. In this work, two specimens were subjected to the current stressing, one under current stressing without interruption (specimen A) and the other under discontinuous current stressing (specimen B). The experiment was conducted under ambient conditions. The surface temperature of the solder specimen was measured by attaching a fine-gauge thermocouple. During current stressing, the surface temperature of the solder specimen rose above the ambient temperature (30°C) as a result of the Joule heating effect. The surface temperature of the solder specimen rises with the currentstressing time and reaches a temperature of 66°C. A specimen after cross-sectional polishing was placed into a furnace with a temperature setting of 70°C without current stressing for comparison.
SEM was used to observe the surface microstructure of the specimen. EDX spectroscopy and electron probe microanalysis (EPMA) were used to determine the compositions of IMCs in the bulk of the solder specimen and at the solder-Cu interface. FIB was used to observe the undersurface microstructure of the specimen.
III. RESULTS
In this work, two specimens were subjected to current stressing, with one subjected to current stressing without interruption (specimen A), and the other under discontinuous current stressing (specimen B). Figure 2(a) shows the cross-sectional image of specimen A before current stressing. This couple simulates a solder joint structure in which the solder bonds the electrodes (Cu in Fig. 2 ). The dark dispersed phase is the Zn-rich phase of the eutectic structure. This specimen provides a standard structure for an electromigration study for solder material because it is a clear interface without IMC formation. In addition, the current stressing of specimen B was stopped twice (at 50 and 145 h) to perform an SEM observation. In Figs EPMA elemental mapping shows that Cu and Zn appear to coexist at the interface of both ends (Fig. 4) . A few Cu-Zn IMCs were also detected within the solder matrix after 185 and 230 h of electromigration (Fig. 4) . This delineates that Cu atoms were driven by electromigration to the anode (right) side and formed a Cu-Zn IMC in the bulk solder. For comparison, the specimen after crosssectional polishing was kept in a furnace with a temperature setting of 70°C without current stressing. According to EPMA analysis, the Cu-Zn IMC was not detected within the bulk solder even after 350 h, as seen in Fig. 5 .
After the electromigration test, the surface topography of the specimen was examined by SEM, and the compositions of IMCs were determined by EDX analysis and EPMA. The undersurface microstructure of the specimen was then observed using an FIB. Figure 6(a) shows the SEM image of specimen A before ion etching. 
IV. DISCUSSION

A. Migration of Cu upon current stressing
The electromigration results in the consumption of Cu from the cathode interface to the anode and forms Cu 5 Zn 8 near the anode in bulk solder. The electromigration should result in mass transfer in the direction of current flow. Accordingly, it is anticipated that Cu atoms migrate from the cathode (left) to anode (right) so as to result in the formation of Cu 5 Zn 8 near the anode (right) in the bulk solder (Fig. 4) . The evidence of migration of Cu is confirmed by EPMA for specimens A and B (Fig. 4) . It shows that Cu was pushed out from the cathode to the solder and mainly interacted with Zn. However, the formation of Cu 5 Zn 8 rather than any compound between Cu and Sn is believed to be due to the thermodynamic character. The Gibbs free energy of formation of the Cu 5 Zn 8 is smaller than that of the Cu-Sn compound, and thus the movement of Cu to the solder tends to interact with Zn rather than with Sn. 19 In addition to electromigration, it is believed that interdiffusion is another factor that should be considered, because the compositional gradient exists between Cu and the solder. To provide a reference for the microstructure evolution caused by thermal annealing alone, the specimen was kept at 70°C without current stressing. The result shows that Cu 5 Zn 8 was only formed at the solder-Cu interface after thermal aging for 230 h at 70°C. EPMA reveals that the distribution of Cu was only observed on both ends even after thermal annealing for 350 h (Fig. 5) . In other words, Cu did not diffuse into the bulk solder under thermal aging for 350 h at 70°C. The migration of Cu due to electromigration is further confirmed by comparing Fig. 4 with Fig. 5 .
The Cu layer was significantly consumed due to Cu 5 Zn 8 growth at the cathode interface, and a part of the Cu was pushed out of the cathode Cu plating toward the anode. Zn atoms near the cathode interface were consumed mainly for Cu 5 Zn 8 formation at the solder-Cu interface in the cathode. Zn atoms away from the cathode interface diffused and were involved in Cu 5 Zn 8 formation near the anode interface (Figs. 2 and 4) . Accordingly, few Cu atoms remained to join the IMC formation at the anode-side interface.
The surface diffusion of Cu was monitored by in situ observation, and its distance was approximately 30 m from the cathode after current stressing for 230 h [ Fig.  2(b) ]. In face-centered-cubic metals such as Al and Cu, atomic diffusion is mediated by vacancies. 11 A flux of Cu atoms driven by electromigration to the anode requires a flux of vacancies to the cathode in the opposite direction. Within a metal interconnect, 11 dislocations and grain boundaries are sources of vacancies, but the free surface is generally the most important and effective source of vacancies. In other words, the diffusion of Cu along the surface is easier because the activation energy of surface diffusion is much lower than the grainboundary diffusion and lattice diffusion. For instance, the surface diffusivity of Cu (1 × 10 −12 cm 2 /s) 11 is three orders of magnitude larger than the grain boundary diffusivity of Cu (3 × 10 −15 cm 2 /s), and the lattice diffusivity of Cu (7 × 10 −28 cm 2 /s) is considerably small at 100°C. Consequently, Cu 5 Zn 8 is hardly detected under the surface in the matrix solder (Fig. 9) . It has been reported that at low temperature the surface diffusion dominates. 20 Therefore, the surface is a very important path for the diffusion of Cu.
The electrical current results in the consumption of Cu plating. The thickness of the Cu plating consumed was obtained by deducting the thickness of the rest of the Cu plating after current stressing from the original thickness of the Cu plating before current stressing. The progress of the Cu consumption as a function of time is shown in Fig. 9 . The rate of consumption increased with the time of current stressing. By measuring the thickness of the Cu plating consumed, the average consumption rate of the Cu plating was found to be about 1.6 × 10 −2 m/h at the cathode end and 6.7 × 10 −3 m/h at the anode end. It can be seen that the consumption rate of Cu at the cathode side is about two times as large as the consumption rate of Cu at the anode side. This is because the Cu atoms consumed at the anode were retarded to interact with Zn by electromigration. Conversely, electromigration tends to drive the Cu atoms consumed at the cathode to move toward the solder. Hu et al. 2 suggested that the failure of the flip-chip solder bumps induced by the rapid dissolution of Cu under bump metal (UBM). The average dissolution rate of Cu was 1 m/min under the local current density of 4.6 × 10 5 A/cm 2 , and the chip backside surface temperature was 157°C. The effect of current crowding 1 revealed itself by asymmetrical dissolution. However, in our study, a current-crowding region is hardly detected in this specimen. The average consumption rate of Cu was 1.6 × 10 −2 m/h at the cathode with a current density of 1.0 × 10 3 A/cm 2 , and the solder specimen surface temperature was 66°C. The average consumption rate of Cu (1.6 × 10 −2 m/h at the cathode) is much lower than that (1 m/min) in the literature 2 because of the lower current density (1.0 × 10 3 A/cm 2 ) compared to the higher current density (4.6 × 10 5 A/cm 2 ) at the current-crowding region in the literature. 2 Recently, it was shown that thermomigration could play an important role in flip-chip solder joints under direct current current stressing. 3 It was suggested that thermomigration would start in the solder bump with the existence of the thermal gradient. In this study, the temperature of the specimen rises above the ambient temperature (30°C) as a result of the Joule heating effect during current stressing, but thermal gradient is hardly detected within the specimen. Therefore, the effect of thermomigration is ignored in this study.
B. Interfacial IMC formation upon current stressing
In Figs. 2 and 3 , the IMC formed at the solder-Cu interface appears to exhibit two different colors. Part of the IMC (adjacent to the solder) has a color that is quite similar to that of the solder (Figs. 2 and 3) . EPMA (Fig.   FIG. 7 . Tilted SEM images of specimen A: (a) cross section 1, (b) cross section 2, (c) cross section 3, and (d) cross section 4 in Fig. 9(a) . 4) indicates that the left part of the IMC at the cathode (adjacent to the solder) is likely to be the solder as well. The thickness of this region was excluded while measuring the thickness of the IMC at the solder-Cu interface. Figure 10 demonstrates the thickness change of the IMC at the anode and cathode, after current stressing for 0, 50, 145, 185, and 230 h, with a current density of 1.0 × 10 3 A/cm 2 at an ambient temperature of 30°C. The IMCs at the cathode and anode grew with currentstressing time, and the IMC layer at the cathode was always thicker than that at the anode after the same current-stressing time. The difference in chemical potential between the two phases in contact is the driving force of IMC formation. IMC formation is also affected by the polarity effect of electromigration. In this work, therefore, the sum of flux J, with contributions from J CP and J EM can be represented in a general form as follows 21 :
where J CP is the diffusion term due to the chemical potential gradient, and J EM is the drift term due to the electron momentum transfer effect. Mass fluxes in the couple specimen under current stressing are illustrated in Fig. 11 . There are four types of mass fluxes inside the J v has the same magnitude but in the opposite direction of the J Sn and contributes to the void formation at the cathode side. To consider the effect of electromigration and chemical potential on IMC formation, the J Sn is ignored because Sn does not contribute to the interfacial IMC formation. 19 Accordingly, it is proposed that the Cu fluxes J CP and J EM are in the same direction at the cathode (right) but in the opposite direction at the anode (left) (Fig. 11) . The synergism effect of chemical potential and electromigration accelerates the growth of IMC and the consumption of Cu at the cathode (right). However, electromigration tends to retard the diffusion of Cu, so that the growth of IMC was suppressed at the anode (left). It is suggested that the Cu flux is the major contributor to the thickness change of Cu-Zn IMC.
Within the solder matrix, the Zn fluxes J CP and J EM are in the same direction near the anode (left) but in the opposite direction near the cathode (right) (Fig. 11) during the process. However, the Zn flux (J CP ) was induced only by chemical gradient after thermal annealing. Within the solder near the anode (left), electromigration assists the effect of chemical potential to force Zn to move toward the anodic Cu (Fig. 11) . Accordingly, the thickness of IMC at the anode [ Fig. 2(b) ] after current stressing was thicker than that after thermal annealing (Fig. 5) . Conversely, within the solder near the cathode (right), the electromigration itself tends to drive Zn to migrate toward the anode (right) and retard the growth of IMC (Fig. 11) . Nevertheless, the thickness of IMC at the cathode [ Fig. 2(b) ] after current stressing was also thicker than that after thermal aging (Fig. 5) . This delineates that Cu is the major contributor to the growth of Cu 5 Zn 8 at the interface, because Cu is the dominant diffusion species for the interfacial reaction in Sn-Zn/Cu system. 25, 26 The polarity effect has been reported [12] [13] [14] to result in a thicker IMC at the anode with a thinner IMC at the cathode. These findings were in opposition to the results of this study. In the Sn-Ag-Cu/Cu, Sn-Ag, and Sn-Ni systems, 12, 13 the growth of Cu 6 Sn 5 , Ag 3 Sn, and Ni 3 Sn 4 was enhanced by electric current at the anode and inhibited at the cathode, respectively. In the Sn-Ag-Cu/Cu system, the Cu flux dominates Cu 6 Sn 5 growth. 12 At the anode, Cu atoms were provided for Cu 6 Sn 5 growth at the interface from the solder, the anodic Cu, and even from the cathode Cu. Cu atoms in the bulk solder were pushed by electromigration to form Cu 6 Sn 5 at the anodic interface, and Sn atoms were provided sufficiently to form Cu 6 Sn 5 at the interface due to the high content of Sn in the solder. At the cathode, Cu atoms from the Cu cathode led to Cu 6 Sn 5 growth, but a large number of voids formed due to the mass transfer of Sn that retarded the interfacial reaction between Cu and Sn. Therefore, the growth of the IMC was enhanced at the anode and inhibited at the cathode. In the binary Sn-Ag and Sn-Ni systems, the Sn flux is the major contributor to the growth of Ag 3 Sn and Ni 3 Sn 4 , because Sn is the primary diffusion species in both the Sn-Ag and Sn-Ni systems. 13 Accordingly, the electron flow enhances the growth of Ag 3 Sn and Ni 3 Sn 4 when the flowing directions of electrons and Sn are the same, but the growth of the layers is retarded when the flowing directions are the opposite. In this study, the Cu flux dominates Cu 5 Zn 8 growth. 25, 26 At the anode, Cu was provided from the anode for Cu 5 Zn 8 growth, but the diffusion of Cu was inhibited by electromigration. Zn diffused toward the anode and was involved in Cu 5 Zn 8 formation at the interface from the bulk solder. At the cathode, the Cu layer was consumed significantly due to Cu 5 Zn 8 formation at the interface. Accordingly, the thickness of IMC at the cathode was thicker than that at the anode after similar current-stressing time.
In addition, the undersurface microstructure of specimen A after electromigration of 230 h was observed using FIB. Comparing the cathode and anode shown in Figs. 8(a) and 8(b) , we can see that the thickness of IMC at the cathode [ Fig. 8(a) ] was thicker than that at the anode [ Fig. 8(b) ]. Similar occurrences were observed in cross section 4 in Fig. 6(a) , as seen in Fig. 7(d) . This occurrence is similar to that observed on the surface of specimen A.
It is of interest to notice that voids form at the Cu 5 Zn 8 -solder interface inside the solder regardless of the current flow direction. Voids are formed due to the transfer of solder. Here, the mass transfer can be ascribed to electromigration (J EM ) and chemical potential (J CP ). However, the J Sn in the solder due to the effect of chemical potential is ignored, because Sn does not contribute to the interfacial IMC formation. Thus, the J Sn due to electromigration is in the same direction as the electron flow (Fig. 11) . It would be expected to produce voids at the cathode and accumulate solder mass at the anode. 11 Nevertheless, voids were also observed at the Cu 5 Zn 8 -solder interface in the anode (right) end [ Fig. 8(b) ]. It shows that the diffusion of Sn driven by electromigration cannot fill the void that was made by the diffusion of Zn due to the synergistic effect of chemical force and electromigration.
Within the solder near the anode (left) in Fig. 11 , the Zn fluxes J CP and J EM are in the same direction so that electromigration assists the effect of chemical potential to force Zn to interact with Cu. The diffusivity of Zn in Sn is considerably higher than the self-diffusivity of Sn. 27 The diffusion of Zn will lead to the formation of vacancies, because the time is not enough for Sn to get filled. As a result, the accumulation and supersaturation of vacancies will form voids at the solder-Cu 5 Zn 8 interface on the anode end [ Fig. 8(b) ]. Similar results [28] [29] [30] [31] have been reported that Kirkendall voids were formed at the Sn-9Zn-Cu interface because Zn was consumed to form the Cu 5 Zn 8 with Cu after aging at 180°C for 250 h. Conversely, the Zn fluxes J CP and J EM are in the opposite direction near the cathode in the bulk solder (Fig. 11) , so that electromigration resists the effect of chemical potential in driving the diffusion of Zn. The voids nucleated along the IMC-solder interface on the cathode (left) inside the solder after current stressing for 230 h, in Fig.  8(a) , and it is believed that the effect of chemical potential overwhelms electromigration on inducing Zn diffusion when a counterflow of the electron and chemical potential gradient exists. Therefore, the effect of chemical potential is thus believed to be the root cause of the voids formed at the Cu 5 Zn 8 -solder interface inside the solder, regardless of the current flow direction.
V. CONCLUSIONS
The electromigration couple designated in this study allows the successful investigation of the behavior between Cu and Sn-9Zn solder. The electromigration results in the migration of Cu from the cathode interface to the anode and formed Cu 5 Zn 8 near the anode in bulk solder. The surface diffusion of Cu was monitored by in situ observation, and its distance was approximately 30 m from the cathode after current stressing for 230 h. The electrical current results in the consumption of Cu plating. The average consumption rate of the Cu plating was about 1.6 × 10 −2 m/h at the cathode and 6.7 × 10 −3 m/h at the anode under a current density of 1.0 × 10 3 A/cm 2 , and the solder specimen surface temperature was 66°C.
Both electromigration and chemical potential affect the growth of the interfacial IMC. The IMC layer at the cathode side was always thicker than that at the anode side after same current-stressing time. The effect of the chemical potential overwhelms electromigration in inducing Zn diffusion when a counterflow of electron and chemical potential gradients exists. Voids formed at the Cu 5 Zn 8 -solder interface inside the solder, regardless of the current flow direction.
